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Abstract 
The current paper aims at presenting a standardized auditing scheme for assessing energy efficiency in water supply systems. The 
main innovation in this scheme is the direct link to the water auditing in order to encourage water utilities to carry out the joint 
management of water losses and related energy efficiency. Key energy efficiency indices are calculated based on the energy 
auditing without the need of using hydraulic modelling. Two case-studies are explored and discussed. This paper shows that specific 
energy consumption and pump efficiency are not sufficient to evaluate the energy efficiency of a given system. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Organizing Committee of WDSA 2014.  
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1. Introduction 
Water supply systems consume energy through individual assets (treatment and pumping equipment) and dissipate 
it in the transmission process. Since an important part of operational costs are energy-related, there is a clear motivation 
for reducing energy consumption. Notwithstanding, utilities tend to focus only either on pump scheduling optimization 
[1] or on improving the efficiency of individual assets (e.g., pumps, valves). The importance of evaluating energy 
efficiency from a system point of view, accounting for system design and valve operation aspects, has been greatly 
disregarded [2]. In addition, few studies have covered this system approach using real data [2, 3]. Energy auditing 
allows the assessment of efficiency of the global system, supporting both tactical and operational levels of management 
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[4, 5]. At the tactical level, it provides a diagnosis of the system as a whole, enables the comparison between systems 
and, consequently, helps to prioritize intervention areas [2]. At the operational level, critical areas can have their 
service improved by specific actions, such as changes in pumping operation according to demand profiles (e.g., daily 
pumping schedules, adoption of speed controllers), or the installation of pressure reducing valves or pumps as turbines 
[3].   
The water-energy nexus is now receiving a wide attention in all sectors of activity: from the technical to the political 
[5]. According to the Portuguese Water and Waste Services Regulation Authority (ERSAR), water supply systems 
consume near to 10 GWh/year for pumping, which costs an average amount of 138 M€ [6]. Every year, water utilities 
are asked by the regulator to calculate a water balance, and several performance indicators (PI) that evaluate the 
utilities’ performance based on reference values. To evaluate energy efficiency, for instance, only the standardized 
energy consumption is calculated. This performance indicator corresponds to the IWA Ph5 [7] and expresses the 
average amount of energy consumed per m3 at a pump head of 100 m. Fig. 1 shows the standardized energy 
consumption, along with the reference values of good (]0.27; 0.40]), acceptable (]0.40; 0.54]) and unsatisfactory 
(]0.54; +∞]) service level limits, for a subset of 21 water utilities that are currently participating in the Portuguese 
National Water Loss Initiative (www.iperdas.org). As depicted, approximately one third of the utilities show an 
unsatisfactory service level. On the other hand, this indicator does not provide any evaluation for systems without 
pumping stations (WU 10, WU 13 and WU 15), although its energy efficiency should not be disregarded. For instance, 
some systems without pumping stations may be providing excessive energy to consumers due to a high service pressure 
that causes higher levels of water losses and higher costs associated with water treatment.  
The Water Loss Initiative that is under development is a good opportunity to have a more in-depth look at the 
energy efficiency of the 21 water distribution systems that participate in the project, particularly by having a more 
careful look at the system´s design, not only to its components, which is the typical approach. 
 
 
Fig. 1 Standardized energy consumption and reference values for Water Utilities (WU) participating in the National Water Loss Initiative. 
This paper presents an energy auditing scheme that is based on a comprehensive overview of the existing 
methodologies of the energy balance [4, 5] and on IWA water balance principles [8]. The main innovation proposed 
is the direct link to the water auditing in order to encourage water utilities to carry out the joint management of water 
losses and energy efficiency. It aims at allowing the calculation of some key energy performance indices without the 
need of using hydraulic modeling. Data from the water balance calculated by water utilities on a yearly basis are used. 
This balance allows a more feasible energy auditing, and thereby, supports the tactical and operational management 
of water supply systems. Two case-studies are explored, with the application of the referred energy balance and the 
calculation of additional energy efficiency indices. The energy balance proposed herein allows the development of a 
preliminary diagnosis and the identification of the critical areas in terms of energy efficiency. 
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2. Energy auditing scheme and performance indices 
The energy auditing scheme proposed is presented in Table 1. The scheme is based on a comprehensive overview of 
the existing methodologies of the energy balance [4, 5] and on IWA water balance principles [8]. In this energy audit, 
only six components require a hydraulic model to be estimated (marked in grey), which make it more simple to 
implement by the utilities. Prior to calculating the energy balance components, the layout of the system should be 
analysed. Particularly, all water inputs to the system should be identified (i.e., storage tanks, pumping stations, wells). 
Additionally, the minimum elevation of the system, information of revenue water and electric energy consumed by 
each group should be provided. In case of having wells or water intakes with pumps, the minimum level to be 
considered is the elevation at the suction point of the pump. 
Table 1. Energy balance (Energy unit: kWh) 
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Energy can be supplied to the system by the transmission system, by reservoirs and storage tanks (Natural Input 
Energy) or by pumping stations (Shaft Input Energy). The minimum energy required to the system is energy associated 
with the minimum pressure that is required so that customers have the amount of water they need in their homes. The 
minimum theoretical energy also corresponds to the ideal situation of a frictionless system. Table 2 presents the 
equations for calculating energy balance components that do not require hydraulic modeling. 
Table 2. Equations for calculating energy balance components. 
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Parameters in presented formulas are: J = water volumetric weight (9800 N/m3); ܳே಴ = flow supplied by the 
transmission system i (m³/s); ܳேೃ = flow supplied by the water storage tank  i (m³/s); QS = flow supplied by the pumping 
station i (m³/s); ܳ஺஼௜  = flow associated to authorized consumption in the node i, ܳௐ௅௜  = flow associated to water losses 
in the node i, ܪே಴௜ = head at the transmission system expressed in terms of the zero-reference elevation (m); ܪோ௜  = head 
at the storage tank expressed in terms of the zero-reference elevation (m.); ܪௌ௜ = head at the pump station expressed in 
terms of the zero-reference elevation (m); Hmin = minimum required head at node i measured relative to the reference 
adopted (m); ܪ௏௜  = head dissipated in the node i, to the downstream valve (m);ܪ்௜  = head provided by the turbine 
expressed in terms of the zero-reference elevation (m); ܪ௥௘௖௜  = recovered head at node i (m); ஺ܸ஼= Volume associated 
to authorized consumption(given by the water balance), ஺ܸ஼= volume associated to water losses (given by the water 
balance); NC = number of nodes of input of the system by “transmission system”; NR = number of storage tanks or 
reservoirs; NS = number of nodes with pump station; N= number of consumption nodes; NV = number of nodes to the 
downstream of the valve; NT = number of turbines in the system; Nrec = number of nodes with energy recovered;Ʉୗ= 
pump efficiency; Ʉ୘=turbine efficiency; ߂ݐ=the time interval. All variables must be expressed in the International 
System of Units and results must be divided by 3.6u106 (1000 W/kW u 3600 s/h). 
Energy efficiency is typically assessed by means of two indicators are generally calculated [7]: pump efficiency and 
specific consumption. More recently, three new indices recommended by [9] have been receiving some attention [4, 
5]. These are based on the concepts of minimum energy and of energy in excess [10] which allow identifying the 
systems with higher potential of energy efficiency improvement.  
E1 - Energy in excess per unit of input volume (kWh/m3):  
min1 inp recexc
inp inp
E E EEE
V V
      (15) 
This index represents the theoretical potential for energy reduction per m3 of the input volume, Vinp. It should be as 
low as possible, though it is always positive. It is an adequate index to assess the impact of different energy 
management measures; however, it does not allow for the assessment of the impact of leakage control measures in 
energy efficiency. For this reason, E1 is not adequate for the comparison of systems with different water loss levels.  
E2 - Energy in excess per unit of the revenue water (kWh/m3):  
min2 inp recexc
rev rev
E E EEE
V V
      (16) 
This index represents the theoretical potential for energy reduction per m3 of revenue water. E2 is always a positive 
value, ideally as low as possible. Using the revenue water, Vrev, in the denominator (instead of the input flow) allows 
the index to reflect the impact of leakage control measures in terms of energy. If real losses are improved, the index 
will have a lower (better) value, since the numerator diminishes (Vinp is lower) and the denominator is the same. 
Therefore, E2 has advantages in comparison with E1 and should be preferred. Interventions that result in the 
improvement of the dissipated energy (e.g., pipe rehabilitation) will only be reflected in indices E1 and E2 if changes 
result into reduction of the total provided head at the source (i.e., provided hydraulic power).  
E3 - Ratio of the maximum energy in excess (dimensionless):  
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E
E
E
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This index quantifies the theoretical energy in excess that is provided to the system (minus recovered energy) in 
comparison to the minimum energy necessary. Similarly to the previous two indices, the provided hydraulic head 
includes the head losses component, being the reason why it is always higher than 1. It depends on the zero-reference 
elevation. 
3. Case-studies 
Case-study 1 
The first case-study aims at comparing the energy efficiency of two similar systems to decide which one has a 
higher priority in terms of intervention efforts. Water is pumped from a water intake at level 0,00 m to a storage tank 
at level 65.00 m in system 1 and 45.00 m in system 2 (Fig. 2). Pipes’ material, length and diameter are identical in both 
systems and a volume of 800 m3 is pumped during 8 hours every day. In the case of system 2, a flow control valve is 
installed upstream the storage tank. The ratio between the input water and authorized consumption is 70%. 
 
 
Fig. 2 Representation of Systems 1 and 2. 
Table 3. Pump characteristics. 
Characteristic System 1 System 2 
Pumping head, Ht (m) 80 72 
Pump efficiency, ɳ 82% 85% 
Specific consumption (kWh/m3) 0.266 0.231 
Table 4. Energy balance assessment for Systems 1 and 2 
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Based on the pump characteristics given in Table 3, System 1 appears to be less efficient since it has lower pump 
efficiency and a higher specific consumption, comparatively to System 2. In other words, System 1 consumes more 
energy per cubic meter of pumped water that. 
Nevertheless, before drawing conclusions the energy balance components should be calculated, along with the 
energy efficiency indices. Table 4 shows the energy balance for Systems 1 and 2. 
Energy dissipated in valves is calculated considering that unit headloss is the same for both systems. Table 5 shows 
the results for the energy efficiency indices, assuming there are no losses. If there were losses, the downstream flow 
should be the authorized consumption. 
Table 5. Energy efficiency indices for System 1 and System 2 
 System 1 System 2 
E1  (kWh/m3) 0.14 0.14 
E2 (kWh/m3) 0.20 0.21 
E3 (-) 2.14 2.69 
 
These results show an opposite conclusion: System 2 is globally less efficient than System 1. In fact, the flow 
control valve in the upstream of the storage tank introduces a local headloss that should not be neglected. The hydraulic 
grade lines are depicted in Fig. 3. 
  
 
Fig. 3 Representation of the energy lines for Systems 1 and 2. 
This example demonstrates that managing energy on an “asset by asset” basis may easily fail to identify the critical 
energy inefficiencies. Control valves, as illustrated in the example, are a very typical asset where energy is loss; 
therefore, a special attention should be paid to the valves located downstream pumps. In this case, the most cost-
efficient intervention is likely to be changing the pump of system 2, in order to eliminate the need for the flow control 
valve. 
Case-study 2 
This second case-study refers to a real gravity water distribution network that belongs to a District Metering Area 
(DMA) in Amadora (Portugal) and delivers water to 221 clients. The distribution network is represented in Fig. 4. Water 
is supplied by a transmission system that has a delivery point at the beginning of the network that is simplified in the 
model as a storage tank.  
The calibrated network hydraulic model has been provided by the water utility with the average consumption pattern 
and the elevation and annual billed consumption for every node. For this case-study, two alternatives to calculate the 
minimum energy required were explored: 
x Alternative 1: A detailed analysis for every node using all the data provided. The minimum energy required is 
calculated by the integral of total billed consumption for each node, multiplied by the average daily consumption 
Water intake
0,00
65,00System 1
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pattern, the minimum head (elevation and minimum pressure required) and the time (in hours), then multiplied by 
the specific weight of water. 
x Alternative 2: A simplified analysis for the whole network using substantially less data (i.e., average elevation and 
average minimum pressure). The minimum energy results of summing average elevation and pressure and 
multiplying by total billed consumption, the specific weight of water and time (in hours). 
Energy balance and the energy efficiency indices are presented in Table 6 and Table 7. 
 
Fig. 4 Representation of the water distribution network with node elevation. 
The purpose of these analyses is to understand to what extent simplifications are possible, since, in most cases, 
utilities do not have hydraulic models for the whole system. In this particular case, the differences between the detailed 
and the simplified analyses are not very significant (less than 5% in E3). However, for systems with considerable 
differences in topography or building height, it is recommendable to divide it in zones in which the minimum required 
pressure can be considered constant. 
 
Table 6. Energy balance assessment for alternatives 1and 2 
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Table 7. Energy efficiency indices for alternative 1 and alternative 2 
 Alternative 1 Alternative 2 
E1  (kWh/m3) 0.061 0.065 
E2 (kWh/m3) 0.087 0.093 
E3 (-) 1.617 1.696 
4. Conclusions 
A standardized approach of the energy balance in water supply systems is proposed in the current paper. This 
approach is being tested over a set of 19 water utilities in the scope of the Portuguese National Water Loss Initiative 
(www.iperdas.org). The highlight of this approach is the fact that most of the components can be calculated without 
hydraulic modeling and the methodology uses data from water balances that are yearly calculated by water utilities. 
In order to have a first overview of a given system´s efficiency, three energy efficiency indices are recommended (i.e., 
energy in excess per unit of input volume, energy in excess per unit of the revenue water, ratio of the maximum energy 
in excess), in addition to the performance indicators that are commonly used to assess energy efficiency (i.e., pump 
efficiency and specific consumption).  Two case-studies are presented, showing the energy balance assessment and 
the calculation of three energy efficiency indices. In the first case-study, the importance of a system analysis is 
exemplified, showing that more efficient pumps are not synonymous of more energy efficient systems. In the second 
case-study, a real DMA is studied and the difference between a detailed and a simplified analysis when calculating the 
minimum energy required are presented. Results show that when a detailed analysis is not possible due to lack of data, 
a simple calculation with available data is also possible, with minor differences from the complex analysis – as long 
as the simplifications are reasonable. This analysis allows the preliminary identification of the priority areas in terms 
of energy efficiency, after which a more detailed analysis should be carried on. 
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